Abstract-Strontium-90 is a by-product of nuclear fission and one of the primary beta emitting radionuclides found at nuclear decommissioning sites. Accidents, spills and leaks at nuclear waste facilities have dispersed strontium-90 into the environment, where it has mixed with groundwater. Given its radiotoxicity, activity levels must be carefully monitored to reduce the risk of exposure. Currently, monitoring is undertaken by sampling of groundwaters from boreholes and strontium-90 is radiochemically separated before its activity is counted. These procedures generate high quality results, but are time consuming, expensive and produce chemical waste. This paper reviews current techniques and proposes a novel approach through in situ beta detection, within groundwater monitoring boreholes, with gallium arsenide photodiodes. Gallium arsenide photodiodes are increasingly being applied to other forms of ionising radiation and have characteristics which make them suitable for rapid and mobile beta detection. To investigate this proposal, a 325 µm thick, proof of concept detector was modelled in the physics simulation software, Geant4. The simulation results indicate that the detector is physically capable of counting 99.31% of incident 0.4 MeV electrons, with 36.94% ± 0.04 % depositing all of their energy within the sensitive layer. This validation will provide the basis for further development of an in situ beta detector.
I. INTRODUCTION
Strontium-90 is one of the principal beta emitting radionuclides found in waste produced by nuclear fission. Where leaks or spills to ground of radioactively contaminated liquids have occurred, such as at the Sellafield Site in Cumbria, strontium-90 has entered the groundwater table and formed mobile plumes, contaminating the aquifer, and posing a long term site liability.
The baseline method for monitoring strontium-90 in groundwater is by sampling of boreholes installed in the groundwater table and submission of the samples for laboratory analysis. This approach generates high-quality results, but is time consuming, expensive, produces chemical wastes and may expose both samplers and analysts to elevated levels of radiation. This paper reviews existing methods for strontium-90 detection, and proposes a novel approach, based on in situ detection with gallium arsenide photodiodes. By taking a direct approach to detection, through deploying a mobile detector directly into groundwater, sample collection and treatment can be eliminated, thereby reducing chemical waste, labour, and time requirements.
II. STRONTIUM-90 DETECTION
When a radionuclide decays via beta emission, a continuous spectra of particles are released which have a relatively short range in matter. These properties have presented difficulties in resolving beta radionuclides by their energy spectra and thus determining their activities in environmental samples.
Current procedures can be broken down into three stages. Samples must be collected and pre-treated to remove the bulk of the host matrix. This typically involves filtration and ashing. Strontium-90 must then be radiochemically separated from other radionuclides, to prevent their interference in activity measurement. This can be achieved in a number of different ways, including precipitation with fuming nitric acid, extraction with liquid solvents and ion selective resins. Finally, the isolated strontium is typicallu counted with a gas ionisation chamber or liquid scintillation counter [1] .
These procedures can be very precise, with minimum detectable limits below that required for safe water standards, and have been widely adopted. However, these are lab based techniques which can take weeks to complete. This section examines these procedures in further detail.
When a charged particle travels through a gaseous medium it excites and ionises the molecules and atoms which constitute the gas. This property was instrumental in the design of some of the very first radiation detectors, gas filled detectors. There are three different types of gas filled detectors, ionisation chambers, proportional counters and Geiger-Müller tubes. Generally in the radiometric assay of beta-emitting radionuclides, proportional counters and Geiger-Müller tubes are preferred as they are more sensitive to low counts of betaparticles. This is due to the Townsend avalanche, when the electric field strength is sufficiently high a single beta-particle can induce a cascade of particles, boosting the signal to noise ratio of the detector [2] .
When using a gas ionisation detector there are a few procedures one can follow to determine the activity of a 90 Sr sample. The International Organisation for Standardisation [3] , [4] . Despite no longer being at the cutting edge of technology, proportional gas counters have remained popular over the years due to their simplicity, cheap construction and low operation costs. Gas flow beta counters have been used as part of the standard procedure by the Japanese government for 90 Sr monitoring in seawater [5] . This procedure separates strontium with ion-exchange resins and separates 90 Y once it has reached secular equilibrium, a process which can take up to three weeks. The 90 Y ingrowth is measured via gas flow beta counter. New procedures have been developed which take advantage of the properties of these devices [6] . S. L. Maxwell et. al. (2013) developed a procedure for the rapid determination of radiostrontium in seawater samples [4] . The Savannah River National Laboratory (SRNL) developed a quick preconcentration procedure, using calcium phosphate with iron hydroxide, to extract Sr and Y from seawater samples and Sr Resin to separate the radionuclides [6] . Gas flow proportional counting was selected ahead of LSC or Cherenkov counting due to its lower minimum detectable limit and the ability to count numerous samples at once.
Liquid scintillation counting (LSC) sees a cocktail of organic fluorescence compounds stimulated by ionising radiation into the emission of light which can be detected and used to determine the activity of a radioactive source. Given the low energy of some beta-emitters and the relatively short penetration depth, LSC has become the most widely used technique for measuring pure beta emitters. A liquid scintillation cocktail consists two primary components, a solvent and a scintillating fluor, with the option of supplementary ingredients such as secondary solvents and scintillators, surfactants, extractants and quenchers [7] . The sample is prepared in either an aqueous or organic solution which is mixed with the scintillation cocktail. After light is produced in the scintillator, two or more PMTs detect and amplify the signal which can then be processed by pulse height analysis with a multichannel analyser.
The organic solvent is the majority component of the cocktail and it facilitates the energy transfer from radiation to the scintillating molecules. Benzene and toluene solvents were initially widely used but more recently less noxious commercially developed solvents, such as di-isopropylnaphthalene (DIN), linear alkylbenzene (LAB), and phenyl-o-xylyl ethane (PXE) have been produced [8] . This new generation of solvents are biodegradable, have high flashpoints and comparatively low toxicity. They were developed to address one of the major drawbacks of LSC, the large volume of hazardous chemical waste produced.
Organic scintillators are used in liquid scintillation cocktails so that they will easily be absorbed in the solvent, allowing for the efficient transfer of energy and subsequent emission of light. One of the most commonly used scintillators is 1,5-diphenyloxazole (PPO) but many laboratories buy premade commercial cocktails such as Ultima Gold, Ready Gel, or SafeScint 1:1. F. Verrezen, et. al. (2008) investigated the performance of nine different commercially available scintillation cocktails [9] . Cocktails were compared against a number of performance factors, including counting efficiency, intrinsic background contribution and quench resistance. This study found that most of the cocktails were compromised in some way, excelling in one aspect often to the detriment of another. There was no panacea, and by considering the unique requirements of any individual laboratory and detector, the choice of cocktail must be carefully made.
When investigating environmental samples, for radionuclides, the concentrations can be low and as such background noise can play a significant role in the final results. The materials used to construct a laboratory and indeed the LSC device itself may contribute background interfering background radiation to the scintillation vial. This can be mitigated by the use of lead shielding around the scintillator. An additional source of radiation to the procedure is Cosmic background radiation and it can produce Cherenkov radiation within the scintillation vial or PMT. Commercial detectors, like the Wallac 1220 Quantulus T M have 630 kg of lead shielding built into the device, in addition to a copper layer in the scintillation chamber. However, lead shielding is only effective against low energy particles from cosmic background radiation. To counteract the effects of high energy γ-radiation, many commercial devices operate with active guard detectors [10] . These additional detectors consist of an additional scintillator, plastic or solid state, and a supplementary pair of PMTs. Events which are detected only in the guard detector are rejected, while simultaneous cosmic and sample events can be retained for inspection. The use of multiple PMTs and coincidence circuitry can be used to reduce the effects of dark current and other events which are not associated with scintillation events [11] .
There are numerous procedures for analysis of radiostrontium [1] , [12] , [13] by LSC but in response to recent nuclear accidents, such as the Fukushima Daiichi Nuclear Power Plant (FDNPP), there has been incentive to develop fast techniques for 90 Sr monitoring [14] . M. Uesugi et. al. have developed a rapid procedure for measuring 90 Sr levels in seawater neighbouring the FDNPP [5] .
90 Sr is measured directly, so no time is required for equilibration with 90 Y , uses Sr Rad disks for prompt septation from which 90 Sr measured directly with an extractive scintillator. The procedure was validated in comparison a 90 Y in-growth based technique [12] and the results from the same samples agreed within the expected uncertainty. The procedure is reportedly completed in less than one day.
III. PIN PHOTODIODES
Decommissioning and waste management is a long term process and financial and logistical requirements must be planned out for the next century and beyond. The procedures previously outlined in this article are time consuming, labour intensive, produce secondary waste and are expensive. By taking an alternative approach, this research aims to meet the demand for cheaper, safer and quicker techniques to monitor the activity of radionuclides in groundwater at decommissioning facilities. By developing a detector which can measure beta radiation directly, eliminating chemical processing, in situ detection can be achieved. This would have the benefit of reducing waste production and labour requirements while offering the potential for real time monitoring, allowing for a greater understanding of groundwater systems.
Direct measurement of strontium-90 will require a small and lightweight detector which can be lowered directly down boreholes and towards the source of radiation. PIN photodiodes offer a potential solution. Photodiodes are devices which were originally designed to covert light into electrical current, principally used in solar panels and as an alternative to photomultiplier tubes. In recent years, photodiodes have been researched as direct radiation detectors. Fig. 1 outlines the basic mechanisms at work in photodiode operating under a reverse biased voltage. Ionising radiation separates electron hole pairs, and the resulting current pulse is collected. PIN photodiodes have a large intrinsic region, which offers increases the sensitive region within the detector.
Silicon and germanium are the most widely used semiconductor materials for photodiode fabrication. As these are narrow band gap materials which require cooling for efficient operation, they will be ill-suited for a detector which must conform to a small form factor.
IV. GALLIUM ARSENIDE
Gallium arsenide is a compound semiconductor material with properties that make it a candidate for use in a mobile beta detector. Its atomic number, 32, means it has greater stopping power for ionising radiation than the silicon, and its wide band gap offers the potential of room temperature operation [15] . Gallium arsenide's ability to operate in radiation harsh environments, far exceeding the doses found in groundwater boreholes, has proved strong [16] .
One of the limiting factors delaying wide adoption of gallium arsenide as a radiation detector has been the inability to produce sufficiently thick and defect free detectors. The predominant defects trap electrons, restricting charge collection efficiency and energy resolution [17] .
Recent years have seen development of fabrication techniques, overcoming defects, and producing detectors suitable for use in X-ray detection and imaging [18] . Only a few studies have examined gallium arsenide photodiodes as beta detectors [19] . The results have offered promise, as low energy beta spectra have been recorded, the detectors used in these studies are likely much too thin to be successfully applied to strontium-90 V. SIMULATION A proof of concept detector was modelled in the physics simulation software, Geant4. The design was based on a detector fabricated by C. Erd et al [18] , selected for its relatively thick intrinsic layer in comparison with previous detectors applied to beta radiation. A 325 µm thick intrinsic layer, sandwiched by a 6 µm thick p region and 200 µm thick n region was generated in Geant4 code and placed in a modelled groundwater borehole environment with a beta particle gun. As particles are generated, they are tracked step by step as they interact with detector where they are either backscattered, deflected or fully absorbed within the detector body. Fig. 2 . This plot shows the energy spectrum observed after the detector is placed in contamined groundwater and 1 × 10 7 decay events have occured.
Initial simulations looked to examine whether a detector of these proportions had sufficient stopping power to detect and count particles released from 90 Sr and its daughter nuclei. Electron beams, from 0 to 2.5 MeV in 0.2 MeV increments, were fired in runs of 1 × 10 6 particles at the surface of the detector. The results indicated that above 0.4 MeV 99.31% of electrons are depositing energy and thus being counted. However, only 36.94% ± 0.04 % of these electrons deposited all of their energy in the sensitive region of the detector. The remaining fraction were attenuated by the p region to some degree, scattered or simply passed through the detector. Fig. 2 represents a proof of concept application for the detector. The detector was placed in a contaminated groundwater environment, populated with 1 × 10 7 randomly positioned and decaying 90 Sr nuclei. Fig. 2 is a plot of the energy spectrum collected by the detector. The initial peak indicative of particles released during 90 Sr decay, and secondary peaks and trail indicative of 90 Y decay. On average, particles penetrated the sensitive layer to a depth of 94.54 ± 1.49 µm. One of the most important factors in the design of this detector will be whether the intrinsic layer is sufficiently thick to full stop incident radiation within its body. This was assessed by calculating the mean penetration depth of the electron beams previously outlined. The results are displayed in Fig. 3 .
While the simulation presented here are basic, they serve as a validation that producible gallium arsenide detectors can be applied to the detection of beta radiation, on the scale of that released by strontium-90.
VI. CONCLUSION Existing strontium-90 monitoring techniques have been reviewed in this paper, highlighting the need for in situ detection at nuclear decommissioning sites. This research aims to design a mobile detector, capable of direct measurement of beta detection in groundwater at the bottom of boreholes. Gallium arsenide has been investigated as a light weight detector, as it can operate at room temperature and can now be produced in thick layers, essential for detecting beta radiation. Simulations in Geant4 have modelled a proof of concept detector, validating gallium arsenide as a material with the physical properties to detect beta particles released by strontium-90 and will provide the basis for further development of the in situ detector.
